Summary. Evidence for accelerated mouse sperm penetration into eggs in vitro, and hence for accelerated capacitation, was obtained when the fertilizing ability of sperm suspensions was tested after preincubation, for a period of time insufficient to permit full capacitation under standard conditions, in the presence or absence of caffeine. When eggs were fixed after 1 h, the majority (76\m=.\7%) in the caffeine-containing medium were fertilized compared with only 32\m=.\1%in the caffeine-free medium.
Introduction
Mammalian sperm motility has been reported as being enhanced and/or prolonged in the presence of caffeine (Garbers, First, Sullivan & Lardy, 1971a; Garbers, Lust, First & Lardy, 1971b; Hicks, Martinez-Manautou, Pedron & Rosado, 1972; Schoenfeld, Amelar & Dubin, 1975) . In some instances, caffeine has also been able to initiate motility in non-motile spermatozoa, e.g. from the testis (Brackett, Hall & Oh, 1978) . Since caffeine can act as a cyclic nucleotide phosphodiesterase inhibitor and hence affect the intracellular level of cyclic AMP by inhibiting its enzymic breakdown (Casillas & Hoskins, 1970) , cyclic AMP has been implicated in the observed motility increases (Garbers et al, 1971b; Hicks et al, 1972) .
While it is generally true that non-motile spermatozoa are non-fertilizing, the converse that motile spermatozoa are able to fertilize is not necessarily true (Harrison, 1977) . Whether the stimulation of motility by caffeine has any effect on sperm capacitation and hence fertilizing ability has yet to be determined. However, the participation of cyclic AMP in the capacitation of spermatozoa has also been suggested (Morton & Albagli, 1973; Toyoda & Chang, 1974;  Reyes, Goicoechea & Rosado, 1978) , thus raising the possibility that caffeine, in fact, might have an effect on capacitation; if so, this should be detectable.
Using an in-vitro fertilization system for which the temporal requirements for sperm capacitation and fertilization have been carefully studied (Fraser & Drury, 1976; Fraser, 1979) , the effect of caffeine was examined to determine whether there is any influence on both motility and capacitation, the latter being assessed by determination of sperm penetration rates in vitro and subsequent early nuclear development. (Fraser & Drury, 1975) . The medium used throughout was that described by Fraser & Drury (1975) , and contained 30 mg BSA (Armour)/ml. Where noted, the medium also contained 2 or 6 mM-caffeine. Three series of experiments were carried out. In Series I, initial sperm suspensions were prepared in caffeine-free medium, as well as media containing 2 or 6 mM-caffeine. After preincubation for 30 min, a time insufficient for complete capacitation (Fraser & Drury, 1976) , suspensions were diluted into medium of the same composition as used for the preincubation and eggs were added.
In Series II, sperm suspensions were prepared as above, but only one concentration of caffeine, 2 mM, was used and the preincubation period was 2 h, a time sufficient for complete capacitation (Fraser & Drury, 1976) . Sperm suspensions were then diluted into the same medium used for preincubation and eggs were added. A third medium, containing caffeine and lacking glucose, was also tested.
In Series III, sperm suspensions were prepared in caffeine-free (-caffeine) and 2 mincaffeine-containing medium (+ caffeine) and preincubated for 30 min. Suspensions were diluted into the same medium used for preincubation, and, additionally, spermatozoa in the caffeine-free medium were diluted into caffeine-containing medium (-to (Fraser, 1979 were rated according to the proportion of single, motile spermatozoa which exhibited the typical whiplash tail activity which is associated with fertilizing ability and hence capacitation (Fraser, 1977) .
Results

Series I
When spermatozoa were preincubated in fertilization medium with and without caffeine and eggs were added, then fixed after 1 h, there was a significant difference ( 2, < 0-001) in the proportion of eggs fertilized, 9/28 (32-1%) in caffeine-free and 23/30 (76-7%) in caffeinecontaining medium. However, when the eggs were fixed after 1 h 15 min, the majority of eggs in the caffeine-free medium were fertilized (Table 1 ) and the stages of nuclear development could therefore be compared with those occurring in caffeine-containing medium. In caffeine-free medium the majority of eggs were at very early or early anaphase (62-7%) and the majority of sperm heads were at stage 1, i.e. just beginning to decondense. When spermatozoa from the same males were preincubated in fertilization medium containing 2 or 6 mM-caffeine, the proportion of eggs fertilized after 1 h 15 min was similar to that in caffeine-free medium. Striking differences were noted in the egg activation and sperm head decondensation stages, however (Table 1) . In both groups, the majority of eggs had progressed beyond early anaphase and the proportion of eggs at telophase in each group was significantly higher ( 2, < 0-001) than in the caffeine-free medium. Similarly, approximately 50% of the sperm heads in Groups and C had undergone extensive decondensation and were at stages 2 or 3. The proportion at stage 3 was again significantly higher (P < 0-001) in the presence of caffeine (Groups and C), compared with that in Group A. Because there were some differences between the 2 caffeine-containing media, with a slightly higher proportion of eggs at telophase and sperm heads at stage 3 (P < 0-05) in Group than in Group C, only this concentration was used for the other 2 series. Series II When spermatozoa were preincubated for 2 h in caffeine-free medium, fertilization levels 1 h 15 min after gamete mixing were again high ( Table 2 ). The majority of eggs had advanced to telophase-second polar body and the majority of sperm heads had undergone extensive decondensation. After a 2-h preincubation in the presence of 2 mM-caffeine, fertilization levels were high and both egg activation and sperm head decondensation had progressed to late stages.
There were no significant differences detectable between the caffeine-free and caffeine-containing groups. When glucose was omitted from the caffeine-containing medium, no fertilization (0/30) was obtained. (Table 3) , with the majority of eggs at early anaphase and the majority of sperm heads at stage 1. Preincubation for 30 min in the presence of caffeine again yielded significantly higher proportions of eggs at telophase (P < 0-001) and sperm heads at stage 3 (P < 0-001) when compared with the first group. When spermatozoa were preincubated in caffeine-free medium and diluted into caffeine-containing medium (-to + caffeine), the fertilization levels were also high. Assessment (Fraser, 1977) . When caffeine was present during the preincubation period, the majority of spermatozoa (>50%) showed the motility patterns consistent with capacitation. When spermatozoa were preincubated in caffeine-free medium and diluted into caffeine-containing medium, a significant proportion of the spermatozoa (25-50%) (Fraser & Drury, 1976 ) and a more synchronous pattern of fertilization would be expected. Indeed, such a synchrony was noted, with the majority of eggs at terminal stages of activation and sperm heads fully decondensed (Table 2; Fraser, 1979) .
In contrast to the results in the caffeine-free medium, the presence of caffeine during the 30 min preincubation time resulted in significantly accelerated sperm penetration. In 2 mM-caffeine, the majority of eggs were at telophase and possessed sperm heads that had undergone considerable decondensation at the time of fixation, indications that fertilization had occurred within a short time of gamete mixing. Furthermore, there appeared to be greater synchrony of fertilization and development, which would be consistent with the suggestion that the sperm populations were nearly fully capacitated at the time of egg-sperm mixing. Indeed, there were relatively few differences between stages obtained when spermatozoa were preincubated for as short a time as 30 min or as long as 2 h in the presence of caffeine, there being merely a slightly greater shift toward the terminal stages of assessment (Tables 1, 2 and 3 ). In contrast, striking differences were found between the 2 preincubation times in the rate of penetration when caffeine was not present in the medium.
When using a system such as fertilization in vitro to evaluate the performance of one gamete, here the spermatozoon, one must always bear in mind that the final assessable results depend on the interaction of two gametes and hence a possible effect on the egg must also be considered. That caffeine was affecting spermatozoa rather than eggs is indicated by the experiments where eggs were fixed after 1 h. At this time, the majority of eggs in the caffeine-containing medium were fertilized while those in the caffeine-free medium were unfertilized. Furthermore, in Series III, 2 of the groups of spermatozoa were diluted into caffeine-containing medium so that the eggs were released into media with similar concentrations of caffeine, yet there were significant differences in the rates of sperm penetration. These rates were dependent on the presence or absence of caffeine during the initial preincubation period and thus the detectable effects were due to changes in the spermatozoa and not in the eggs. Finally, in Series II when both groups of sperm suspensions had been preincubated for 2 h to permit full capacitation, the presence of caffeine had no detectable accelerating effect on the stages of nuclear development; similar terminal stages were observed in both groups.
This conclusion is consistent with the sperm motility pattern assessments, where the observed ranking of sperm groups from that showing the highest proportion of whiplash motility to least was identical to the ranking based on rates of fertilization and subsequent nuclear development, i.e. + caffeine > -to + caffeine > -caffeine. The almost immediate effect of caffeine on motility patterns indicates a specific effect on spermatozoa, rather than eggs, which is associated with fertilizing ability (Fraser, 1977) (Fraser, 1979 (Harrison, 1977) .
In order for a cell to produce cyclic AMP from ATP, the enzyme adenylate cyclase is required and adenylate cyclases have been demonstrated in the spermatozoa for a number of mammals, including hamster (Morton & Albagli, 1973) , man (Hicks et al, 1972 ) and monkey (Casillas & Hoskins, 1971 ). Furthermore, the activity of adenylate cyclase in capacitated hamster spermatozoa is greater than in uncapacitated spermatozoa, based on production of cyclic AMP per unit time (Morton & Albagli, 1973) (Toyoda & Chang, 1974) and rabbit (Reyes, Goicoechea & Rosado, 1978) which have suggested that addition of cyclic AMP to the medium can shorten the time required for capacitation.
It should be stressed that caffeine has not been shown to induce capacitation per se, but rather to accelerate the rate at which it occurred when spermatozoa were incubated in an environment permitting capacitation, albeit more slowly. Hoppe (1976) (Garbers et al, 1971a, b) and glycolysis (Hoskins, 1973) of spermatozoa. More extensive studies may indicate that one of these is the route whereby caffeine accelerates capacitation.
